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was carried out on islands in the northeast quadrant of the atoll, And
in 1952, as part of Operation Greenhouse, the first thermonuclear
device was detonated on the atoll. ‘The 10.4 megaton blast obliterated
the island of Elugelab, vaporized millions of gallons of ocean water in
a hreball rhree miles in diameter, and mc:wﬁ_ a crater half a mile
deep and two miles long in the reef.” Atmospheric testing of nuclear
weapons in the Marshall Islands continued throughout the decade
and culminated in a series ol thirty-three explosions during the sum-
mer of 19587
With the advent of nuclear westing, the Marshall Islands became a
center for extensive biological, geological, and oceanographic re-
search. Concerned with the potential effects of radiation on biological
systems, a task force of scientists drawn from universities, private re-
search institutes, and government agencies completed an initial sur-
vey of Bikini and neighboring atolls in 1946." Subsequent studies were
carried out during the period of atmospheric testing. As part of this
research effort, the Atomic Energy Commission approached Eugene
Odum to undertake a detailed ecological study of Eniwetok,” Odum, a
professor of zoology at the University of Georgia, was already under
contract with the AEC to do ecological research at the Savannah River
nuclear reservation. Together with his younger brother Howard, an
ecologist at the University of Florida, Odum spent six weeks in 1954
studying a reet on the windward side of the atoll. By time they arrived
on Eniwetok, the atoll was hardly a pristine natural environment. In-
deed, it was sufficiently radioactive that the Odums produced an
autoradiographic image of a coral head simply by placing it on photo-
graphic paper. In a bit of understatement, the two ecologists intro-
duced their report with the statement that the ongoing nuclear testing
at Eniwetok provided a unique opportunity “for critical assays of the
eftects of radiations due to fission products on whole pepulations and
entire ecological systems in the field,™"

Although neophytes in radiation biology and almost totally unfa-
miliar with the ecology of tropical reefs, the Odum brothers were bet-
ter prepared than most ecologists for the type of project proposed by
the AEC. Both were already working on major ecosystem studies in
the United States. Beginning in 1951 Eugene had initiated what be-
came a long-term study of succession and productivity on farmland
abandoned during the construction of the Savannah River nuclear
facility. Howard was in the midst of an even more ambitious study of
warm mineral springs in Florida." Although his four-year study of
Silver Springs was published two years afier the Eniwetok study, by
1954 he had already perfected a number of techniques that the
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brothers used to study the metabolism of the nE,,m_ reef. }“ .mE.mm,ﬂn of
G. Evelyn Hutchinson, Howard Gdum shared his Emﬁ.rﬂ.w penchant
for E;&:n bold theoretical speculations and then ._:m.:ﬁm Hwﬁ:h MﬂMﬂM
quences with equally bold mx_u__..,_,ﬁ_nn:__ studies. Eniweto dﬂ. e

ot opportanty for exploring not only Lin

Howard with a perf . : S S
an's theoretical claims but also some of his own rcﬁﬂ.:_ﬂuﬁ._ ideay
Shont \ hat the Eniwetok

; . nature of ecosystems. Itis also significant _n
MWMH.___ H“ﬁm a year afl Eqﬁrn publication cﬁ. m:xmnm_“ mu.hﬁﬂwﬁﬁﬂﬂ Mm
mﬁ:ha.__ﬂ (1953). The chapter on eneTgy, written by . ﬂsm: , ihine

and provided a few examples. These exa _u 5
from miscellaneous data ncznﬂmr_ from
Prior to 1954, no one had investigated a
its overall metabolistn,

general principles
however, were constructed
several unrelated sources. ¥t i
: - : ith the intent 1O Measure
complete ecosystem with the ; B Pl iy
Eniwetok and the Atomic Energy Commission provided the oppor
tunity to do so. . - P P
The Odums have often claimed that mr:&m___.aw..no_...__mw., i5 %ﬂmﬂ_
i onistis, W re e-the-parts” philosg-
an : ¢ tionistic, “whole-before :
cated upon an antireduc . . s
phy,"” but the Eniwetok study actually aﬁ:cﬂm:ﬁ:nm. how qmwa. HM .:r__m_
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lism of the entire reef was 1 :
kv o Arions : the Odums were so
ronstitle acduals opulations. In fact, :
constituent individuals or p : - o o
i ceoule ost species on the
- roiliar with corals that they could not identily m
unfamiliar with corals tha | s ) .
eef In a very real sense, the reef at Eniwetok Atoll was .mEEan
box™ whose total inputs and outputs of energy EE.mHm:wE_m Emmf e .ﬂ
1 - o, - = Wi 1111~
s whole could not be accomphshet
But understanding the whole ¢ £ ied i
) - the patrts : 5 may not Dave
anding at least s of the parts. The Odums ;
derstanding at least some ( sl B
scientific name: the corals, but they were mterc: n
known the scientific names of he s
the functional role played by this important component of ._n .Ew_.____w
tem. Indeed, the peculiar nature ol coral held the key to understand-

ing the system as a whaole.
[ antiquity corals were
ing them to be coelentorates,
Early in the twentieth century il
ten contained symbiotic unicellular B
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had a distinctly greenish hue. Previous investigators had dismissed
the filamentous algae as parasites that actually weakened the E:.L..E
skeleton. But the Odums suggested an alternative A,.x_uhm.:m:cn.. =“ "
ﬂ_._mnr Although they could not actually demonstrate a ﬂm:._._.ﬁ._“ E.:.E,
trients, the ecologists proposed that the algae shared the rodu t ::m.
photosynthesis with the coral polyps. In mxnrm:ﬂn the _“.c_ M. o
tected the delicate filamentous algae from rﬁo#_m:.ﬁ H,__mi.ﬁww 4 i
tense sunlight, and other environmental hazards. mﬂ:.ﬂ. .mz_,_w__ 5,-
w..,iﬁ.n.m supported this claim. Autoradiographs nm:E:mﬂmEﬂM :._Mi
the radioactivity from the water was restricted almost entirely t _:._m_
_mu._w__u zone, barely penetrating to the algae beneath the poly w‘..._..”,n_: .m
living polyps were absent in the coral head, however .;_u Eu._.._ led
».Hmmm were intensely radioactive, , I
I'he coral head could be considered a kind of ecosystem with:
ecosystem. The amount of plankton in the water m_c#..mr. over th - EM,
provided insufficient food to support the coral wiﬁ..mhm 1_.._._:“.“. H:n.mw
Emﬂ?w_mn economy of the head depended upon the ﬁ:_m____umw.:_rwzn.
_HHM{,:_.“..,“_E.J of _,.__&._En.:n m.hmmﬂ. ﬂ_d._.,» COMm mm_ax structure of the head
provided a mechanism for recycling basic nutrients to these pro-
ducers; the small leakage of nutrients escaping from the syste 5 :
Just balanced by nutrients entering the reef from the cmnm_ﬂ bq: oy
lier survey of Eniwetok Atoll had suggested that the entire _.n..u..q S n;ﬂ
m.._,mc _,x...,...».:.ﬂ,;ﬁﬂqm_ﬁ. Compared to the reef, the open ocean ...__._“““_ma,”
“mwﬂ.._ﬁ wm:m:{n“ it _”.m...,_...mr:,. was not a major supplier of organic mate-
: or the coral, ﬂ.:.r ?E.:m was, however, inconclusive. Put simply
there were two possibilities. Perhaps the reef was a highly effi tert
m_.:.ﬂu_nm mechanism, and even though there was little mm. anic rqmqw.“
rial in .___m ocean water, the large volume of water ﬁmmmwm v E.MT
_dm_,.::m_.: yield a significant food supply for coral poly . ”Mq <
nomic terms, this scenario suggested that the mnnmﬁ.ﬁ___ E.“_.,_.uw_ _,mmnn-
at a ﬂ.wmmn:, sustained by energy and nutrients m_:ﬁcﬁ.maﬁmm _“i
oceanic current. Alternatively, the community might be trul ___w
sufficient, Eﬂ.ﬁ:ﬁﬁ necessary nutrients within itself and livin %.Mm: :
m._ﬂic&_::_ﬁ.:. production of its algae. Choosing between th m&ﬁ g
tive explanations required the construction of an .mzmq UM__“_ __ ﬂ.p-
the reef, as a whole. If productivity did not at least :m..w res ation;
then the community was not mn:..m_,aﬁm.:.:m. o LA
:_....“___m___“;””wﬂ u”&_:t_.um from the :.H..E .ﬂ.& w.umnr of the reef contained al-
[the same amount of nutrients. This suggested that the coral was
not simply m_.n_._nm food imported from another ecosystem. More :Hv
portant, using an ingenious technique perfected by _rm ma::mﬂ”
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Odum, the two ecologists demonstrated that the productivity and res-
piration of the reef were nearly equal. Howard Odum's “diurnal flow”
method rested upon the notion that the reef was like a river; water
flowed trom “upstream,” at the front of the reef, to “downstream,” at
the back of the reef." Simultaneous determinations of dissolved oxy-
gen in front of the reef and behind could be used o measure the
overall metaholism. An increase in oxygen indicated that rate of pho-
tosynthesis was greater than the rate of respiration. A decrease
indicated that respiration was occurring at a more rapid rate than
photosynthesis. Periodic measurements of dissolved gases taken dur-
ing a twenty-four hour period could be combined to form an energy
balance sheet for the living community. Oxygen determinations taken
at night, when no photosynthesis occurred, provided a measurement
of the rate of community respiration. Those taken during the day,
when both processes occurred, provided a measurement of net pri-
mary production. Adding community respiration {(determined at
night) and net primary production (determined during the day) gave
the total or gross primary production for the ecosystem. Using these
determinations, the complete energy budget for the reef could be es-
timated. Expressed in terms of grams of glucose/meter”/day, the
Odums's calculations indicated that the energy income of the reef was
slightly higher than its losses. Although the energy budget was slightly
out of balance, indicating that the community actually produced
slightly more than it consumed, the Odums admitted that the
methods used were not sufficiently refined to support this conclusion
with any degree of confidence. Indeed, they favored the view that the
reef was a true steady state ecosystem or in more traditional ecological
terms a climax community,” This did not mean that the reef was a
static system—far from it. The visible biomass, or standing crop, rep-
resented only a small fraction of the energy captured by producers.
The Odums estimated that there was a complete turnover of biomass
more than once a month on the reef. As the Harvard ecologist George
Clarke had earlier suggested, the ecosystem might be likened to a
factory filled with spinning wheels." But it was a rather strange fac-
tory, for virtually all the ecosystem's production was used to maintain
the machinery. Little was stored as visible biomass.

The Eniwetok study was a landmark in ecological research, impor-
tant to both individual researchers and the discipline of ecology
as a whole. The reef with its close symbiotic relationships between
coral and algae was an excellent example of a highly structured, self-
regulating system—a nascent view of ecosystems toward which both
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Odums were strongly attracted, Over millions of years, the Odums
reasoned, the reef had evolved an optimum composition of interact-
ing species, a composition that favored the stabiality of the whole. Ac-
cording to this “stability principle,” natural selection amounted Lo
“survival of the stable."" By lavoring stalnlity, natural selection per-
fected self-regulating interactions in ecosystems. This belief in ecosys-
tem stability, a belief shared with G. Evelyn Hutchinson and several
other ecologists, is discussed in greater detail in chapter 7. Suffice it to
say that the experience at Eniwetok focused and reinforced ideas that
the Odums already held about the fundamental nature of €cosystems.
For Eugene, the coral reef became an exemplar for self-regulating,
sell-maintaining systems.®
I Eniwetok was an important milestone in the careers of Eugene
Odum and Howard Odum, then it was equally significant as an indi-
cator of where posi—World War 11 ecology was heading. The Mercer
Award has often gone to ecologists whose research establishes new
trends. The Odums’s paper, which won the award in 1956, was the
hirst of several similar studies. It was followed two years later by How-
ard’s monumental study of Silver Springs, certainly the most ambi-
tious ecosystem study of the 1950s, Su pported by a $20,000 gramt
from the Office of Naval Research (ON Rj—a substantial sum for that
time—the younger Odum had spent four years studying the flow of
energy and materials in this aguatic system. During the course of this
work, Howard not only developed the techniques used at Eniwetok,
but he also produced the most detailed account of the energy fow
and nutrient cycling in an ecosystem. It remains the ecosystem study
most commonly referred to in undergraduate textbooks, Other
studies during the 1950s by ecologists such as John Teal, Frank
Golley, Lawrence Slobodkin, and Edward Kuenzler also helped to es-
tablish energy flow as a central area of research within the discipline.
The case of John Teal is particularly significant for what it reveals
about the emergence of a self-conscious group of ccosystem ecolo-
gists. Teal, a graduate student at Harvard University, had begun
physiological research using leeches. As he later recalled, he quickly
became bored with his rather traditional laboratory project. After
reading Lindeman’s trophic-dynamic paper, probably in 1952, Teal
became excited about studying the “metabolism” of a more complex
biological system: a small cold spring near Concord, Massachusetts.®
Like the Odums, who were beginning their research projects at the
same time, Teal wanted to make a more precise functional analysis of
an ecosystem than Lindeman had been able to do. Such detailed
studies of encrgy How, Teal hoped, would allow ecologists to under-
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! adit abolic studies
. hs in the same way that traditional EE_LE_E_.U 5
i to understand how individual organ-

Lt tw.q.ﬁiemms__ﬁ at Teal chose to study was ideal for
i F 1 # The system th ; \ :
.ms functicned.® The sy that £l A bl
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1950 to 1965, the “golden age” of funding, several government agen-
cies vied for the opportunity to support innovative basic research in
biology.” Even in agencies such as the Office of Naval Research,
which funded Howard Odum’s Silver Springs study, there was strong
comumitment to supporting innovative research regardless of its direct
military application. Recalling his role in setting research priorities at
ONR, the oceanographer Roger Revelle noted:

Helping the Navy was not a good reason for doing research. The only

ood reason for doing research was that they [scientists] wanted to do it in
their bellies; they were driven by curiosity, the desire for discovery and
the desire for fame, which is what drives scientists. . . . In fact, we had two
or three different mottos in my part of the ONR. One was that any pro-
posal for less than $5,000 we automancally funded. Another was, as I say,
that anybody who said he wanted to do this because it was good for the
navy we automatically turned him down, unless it was %..Wc_.wmm than

“U_. .“_._n.-.xc

Revelle’s recollections, forty years after the fact, may be slightly ro-
manticized. But throughout the 19505 there was a sense ol excitement
in many lunding agencies; there seemed to be unlimited oppor-
tunities for supporting basic science, and great things seemed possible
as a resull of this new partnership between science and government.
No federal agency epitomized this attitude as well as the Atomic
Energy Commission. Beginning in 1948, two years after the agency
was established, its Dhvision of Biology and Medicine began support-
ing a diverse program of research in the life sciences.” Support for
ecology never rivaled that for genetics or physiology, but impressive
research programs were started at a few universities and national lab-
oratories located at Oak Ridge, Brookhaven, Savannah River, and
Hanford. Much of this research was directed toward applied prob-
lems of radiation ecology, an area of research that had gained limited
support even during the war.” However, as the case of Eugene Odum
at the University of Georgia illustrates, ecologists interested in basic
science could also benefit from the largesse of the Atomic Energy
Commission. Combining the opportunities provided by the Savannah
River nuclear facility with other unique local sources of funding,
Odurm created one of the most influential programs in ecology. This
was done within the structure of a small state university, an institution
that otherwise would have provided a poor environment for building
such a program.
The Savannah River nuclear facility was built as a result of Presi-
dent Truman's decision in 1950 to begin production of the hydrogen
bomb.* The primary function of the plant was to produce tritium for
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the new bomb, but plutonium was also to be produced there. Con-
struction began on the site in Aiken, South Carolina, in the spring of
1951, and the first of five reactors began operating two years later,
Because the Savannah River facility was an entirely new facility, it
provided a unique opportunity for deoing ﬁ_,?mnmﬁ_m:cu environ-
mental surveys; that opportunity had not been considered during the
wartime push to build the first atomic weapons.™ Early in 1951, the
AEC invited proposals for ecological research from the Universities
of Georgia and South Carolina. . N :

Eugene Odum submitted a detaled ﬁ_dﬁsﬁ.__ for an ambitious envi-
ronmental survey of the terrestrial and aguatic ecosystems surround-
ing the Savannah River faality. The initial survey would be F:..uinn_
by subsequent studies once the nuclear reactors were G_H.E.E.Eumr
Thus, Savannah River would serve as a kind of large-scale experiment
to determine the effects of emitting low levels of radiation and large
amounts of heated water into the environment. Odum’s proposal
called for six full-time principal investigators supported by graduate
research assistants. The initial annual budget for the project, to be
shared by the AEC and the university, was estimated at slightly more
than $267,000.*

Two decades later a grant proposal of this magnitude ...._n_c._.”_ not
have raised eyebrows, but in 1951 the AEC was not .“G:_.n.....__uF_:_m an
environmental impact statement. Odum’s ?dﬁcmm__.imm rejected, and
in a subsequent meeting with AEC officials he was informed H,?# the
commission was prepared to provide a yearly grant o zEu._,ox:ﬁEn_“_‘
$10,000 to prepare an inventory ol the animal mﬁEEEE in the
area. A similar amount would be given to the University of South
Carolina for botanical work. Odum was able to convince the commis-
sion to use some of the money to support a study of secondary succes-
sion on the abandoned farm land surrounding the plant. He also
expressed interest in experimenting with radioactive tracers, a tech-
nigue he knew little about but one that he and his students later used
extensively. . . .

As Odum recalled, enthusiasm for the project quickly ﬁ_nn::mm_ on
campus when it was learned that the university would not receive a
$150,000 “sugar plum” from the government.™ }ﬁmm_an:ﬁ_m this was
also the case at the University of South Carolina, which dropped out
of the project after only a few years. Odum, however, _uzmr__aa ahead
and submitted a much more modest proposal to the AEC. He .ﬂ__m,_u
made a strategic decision that, in retrospect, ._.:m:qn_n_ the SUCCEss of his
research program. The limited money _,_.a,_.__.m_i_ by the AEC would
not be used to support senior researchers; faculty members would
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continue to be paid by the university. Instead, virtually the entire re-
search budget was earmarked for graduate assistantships. As a result,
Odum was able to attract a steady stream of students to his fledgling
ecology program.,

What began as a small and uncertain source of support, rapidly
developed into a long-term relationship between the University of
Georgia and the AEC. By 1960 the annual budget for ecological re-
search at Savannah River had increased to $60,000, and the AEC had
agreed 1o establish a permanent ecological laboratory at the site,
Frank Golley, a young faculty member at the university, became the
resident director of the laboratory. Golley, a recent graduate of Mich-
igan State University, had studied energy Aow through a single food
chain in an old field community. His dissertation was perhaps the first
attempt to study the metabaolism of a terrestrial community. Odum,
who had met Golley on a visit to Michigan State, was instrumental in
bringing the young ecologist to the University of Georgia. The two
shared not only an interest in the developing specialty of radiation
ecology but also a broader commitment to ecosystem ecology. Golley
was, therefore, the perfect choice to direct the expansion of the eco-
logical research program at Savannah River.

One can only speculate about how successful Eugene Odum’s re-

search program would have been without the long-term support of
the AEC. It seems sate to say that the University of Georgia would not
have become such a major center of ecological research were it not for
atomic energy. But the Atomic Energy Commission was only part of
the equation for success. In contrast to the Oak Ridge and Hanford
laboratories, ecological research at the University of Georgia never
became narrowly identified with radiation ecology. 'T'o a large extent,
this was owing to the fact that Odum, Golley, and other ecologists at
the university kad a much deeper commitment to ecosystem studies
than 1o radiation ecology per se. Gontract work at Savannah River was
viewed, not as an end in itself, but as a means to help subsidize the
broader ecological program at the university.” The subsidy was more
than just economic. The laboratory at Savannah River provided re-
search opportunities for graduate students and served as a kind of
training base for young Ph.D.s. Those who made good were often
brought back as faculty members on campus. Geography helped too;
being separated from the university campus by more than one hun-
dred miles, the Savannah River operation could be maintained as a
semi-autonomous part of the larger research program. Finally, al-
though funding from the Atomic Energy Commission was crucial, it
was not the only source of support for the ecology program that
Odum was struggling to build during the 1950s,
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Eugene Odum had a r:mn#... for EE:r. advantage of regional oppor-
tunities, Trained as an n._.E:E.__.,,mE. Sa::#.m;_ his wﬁcmﬁzﬁ used
Sapelo 1sland, a marshy piece of land on the ﬁ.;.wc_,mi .“uh.r ,m“_.m.mﬂ:&
area. The island was owned by | 5 WE.MEEJ. Jr., who "F.__,._.._ mw%m a
hunting preserve. During the course _.u._q his visits to En. is MHM HEH:
got 1o know the tobacco heir, and in 1954 WEEE»F donated Sapelo to
the state of Georgia and established the Sapelo Foundation to m:_u%cﬂ
ecological research on the island. Like Savannah Emnw. _.nm,ﬂm:.n.n nﬁ
Sapelo Island began modestly. John Teal, one of the hirst .m,nc, cww_.,. 5 2
arrive, found that the “laboratory” was an old H.._.n.ﬁ with a scale, M___n_
croscope, and few other pieces of equipment.® The _mgwﬂ..,..uﬁ, H_
provide access to a nearly pristine salt marsh, however, and the is &H
continued to draw graduate students and young Ph.D.s eager o #.u
ecosystem research m this unique natural n:...:di:m:...ﬁﬁm mmﬁn.rc
Foundation might not have provided the level of funding HME _..“_m
AEC did, but Odum used the money E,En same way to expan grad-
uate and postdoctoral research at the University ..; ngnﬁ. .

Looking back on the origins of his program, Odum note .P, ei ¥ M
of a major center of ecological _.E:E.nr based ata _.,._,=m= :::.,a._..m_ ,Lq__ .
Georgia.” To a certain extent, his success as a scientific Eﬁﬂ.?nmﬁ.:
was fortuitous, Savannah River and Sapeio [sland ?___”..._.LE,D F“E
with unusual opportunities unavailable Lo most other E..E.cm..aww —_,,.;.
Odum skillfully built upon this EEEE:EJE& the E:.Hw. 1970s his
Institute of Ecology was attracting several E.::E dollars in support
from a wide variety of federal, state, and private agencies. e

During the early 1850s Odum was unique among ﬂn.crwﬁ._ﬁm ,“.“# . ...._
level of support that he received from the AEC. T _H_m., m:ﬂ.p:MH_e.____nmm_ﬁ
to change around the middle o ._,q.:w decade. In 1955 “H:__E.h ¥ c::m
an ecologist at Ohio State University, ?.u__..xﬂm an ..Eanm:LE__. _._. oy
Division of Biology and Medicine.™ Three years later he was P_“._.H )
mated to chief of the newly established w:.f__ucuq:mzﬁ_ mEm:n_.um _Em.
sion at the AEC, Under Wolfe's encrgenc _mmﬁ_ﬂ.mr__u the mcc_.ﬁmc
AEC, funding in ecology greatly ._,mxm_w.:_“ri. fE.E.::m..E .m:ﬁwcm .“. .n:,

university-hased research. Justas signil #.::_.ﬁ,_ during this ﬁ..mq:w Mi.“H
logical programs at the n: ional laboratories expanded, particularly ¢

o i .

Q.H%ﬂ%ﬂﬂﬁ:; Kwa has shown, despite its similarities E.M?m u :_w_n_...
sity of Georgia program, the mm.,.:_.:_.::n:ﬁcﬁ ..__Jm Oak Ri Ige _ﬂync Hmw
_uq.:m__ms.. was constrained by its unique setting. In 1954, Stanley ¢ "
erbach was brought to Oak Ridge to develop qnmﬁ:n__. on the mOVe
ment of radionuclides in the environment. .,__:._...w.q_u:nrh_, _v.ﬁ,._m_:cz.#ﬂmm

more tenuous than Eugene Odum’s. The Oak Ridge ?.hm:cz.n.wm. La .E..

ratory (ORNL) was strongly onented toward the H.._E_z_ﬂ._ SCIETICES,
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and it was headed by the egocentric Alvin Weinberg. Weinberg had
little interest in biology, although he believed that environmental
studies might play a small, but ..w.ﬁ.m.:m._ﬁ.._ﬂr part in his scheme for mak-
ing the laboratory a center for “big science,” Despite these institu-
tional constraints, Auerbach skillfully built an impressive ecological
program, Ecologists at Oak Ridge often held joint appointments in
hiology departments at the University of Tennessee. This provided
access to students and gave the program an academic dimension, Au-
erbach also used his position as secretary of Ecological Society of
America to raise the visibility of the program in ﬂ._.:*..nmi:zw_ circles,
Inteflectually Auerbach drew heavily upon the ideas of Eugene
Odum, who served as a consultant to the Oak Ridge program, but in
important ways the two programs were different, a reflection of the
influence of the physical sciences at the Tennessee laboratory. By the
late 1960s Oak Ridge was a leading center for the study of radiation
ecology, and its ecologists were pioneering the use of computer sim-
ulation, which eventually became the subspecialty of systems ecology.
During the early 1970s the Oak Ridge group played a central role in
organizing the large-scale ecosystem studies associated with the Inter-

national Biological Program (IBP). These later developments are dis-
cussed more fully in chapter 9.

New Tools for the Ecologist

The Atomic Energy Commission provided crucial financial resources
for the institutional development of ecosvstem ecology. But the
atomic age also provided ecologists with an array of exotic new tech-
mques for their research." Some had relatively limited applications.
Eugene Odum and others experimented with the use of radioactive
“"tags" for tracking the movements of animals and estimating popula-
tion densities. As director of the new Geochronometric Laboratory at
Yale University during the early 1950s, Edward Deevey began using
radiocarbon dating in his analysis of pollen in sediments of Linsley
Pond. This provided Deevey with a more precise technique for attack-
ing the paleoecological problems that he had begun to study in the
late 1930s.

Radiation could also be used to study the effects of stress on living
systems. Given public concerns about fallout, radioactive waste stor-
age, and nuclear war, it is not surprising that radiation effects became
one important focus of ecological research during the 1950s and
1960s. Not only were the radiosensitivities of individual organisms
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studied but also those ol whole ecosystems. In a number of cases,
patural areas were irradiated o aEn::_:w nE:wmm and recovery of
constituent species alter exposure 10 radiation."” For example, ﬂiﬂ
sites at the Brookhaven National Laboratory were exposed to Em_
levels of radiation for a period of six maonths, In w.c_qu eaket, @ _w.uunﬁw,
area and an old field, a source of gamma rays ( Ce or ﬁMﬂ,‘._ was
stored in an underground lead-shielded contamner. The ra EE_“:
source could then be raised or Ei.mqnﬁ_ by remote control. The
Brookhaven study and similar experiments in Georgia and _?_.m:_:_
Rico demonstrated that at least some species of plants were re E.M.qn,_._
sensitive to radiation damage. It also suggested that ,m:nna..w_ﬂc:_. oo
chain dynamics, and diversity might be wa.,.;.,ﬁ.m? affected by chromc
exposuTe Lo even Fairly low Hm..ﬁ_u.* of wmn_ﬁ_a? I
For most ecologists involved with atomic encrgy. Tssmsm.q..m e .q.:.n_:
exciting application of radiation was in tracer studies. For M,......mww"w: i
ecologists radioactive tracers m____mmm.zi to be a _m,u....,_n:,q:,H H,E.c ; Gmwmm ”;.
held great promise for unraveling the complex interna _ﬂnﬁrh 2o
the ecosystem. “Radioactive tracers have E.H.nun.ﬂ Wn..w: ,..:mH exp HE &
by the physiologist,” noted Eugene Odum in :,f..w.. .".:: the _m.“._ﬁ” smﬂw
is just beginning to develop techniques for studies in ‘commurniy
x 3 LRL ] .
Hmﬂchwﬂwnmcﬁ tracers revolutionized many areas of biological re-
search after World War 11" Even before the war, _.mn."_cunci.. _m_u_.cﬁw
had been widely used as tracers to study the EwE,ErE: of _.,_uzm_.._ —wz 5
animals. Because radioactive isotopes arc readily %Enﬁr_n an H
the same chemical properties as their nonradioactive mzwr.ﬁrﬁmu the
use of tracers transformed the study of metabolic ﬂu%iuwm.. :MJW
the 1930s this new physiological methodology was c.,,.inrm n_m_w.nm.mm _J
general scientific periodicals such as Nature E”&. Science, m_”z it M _.”,_ﬂﬂ:
haps not surprising that ecologists such as G. F,,:...Jﬂ, Hutc :.,ac e
were interested in the “metabolism” of ecosystems, S00N :nmh.:.mxrﬂm
imenting with radiotracers. But prior :_.E:l.m .__.___.ﬂ.x._. _m. the aval m.:._h Mm
of isotopes was limited. In 1941, H En?:.mcz 5 E;.E_ .HP._mH:_W.“ Ew ﬂ_mm._w
the phosphorus cycle in Linsley Pond using a q.m&iﬁ:f_g trace ¢
failed when the cyclotron at Yale produced .,..:“E half rp 1e m,:_wc:,::,..
isotope required for the experiment.” After World War _ﬂ ":n .,.F =”7
tion changed dramat ically. Z:mFE. reactors _.u.w.:._ﬂ.nm m: a q:”m i
limited supply of radioactive 1sotopes tor biological Mamm? e
distribution of these isotopes for research became the ..,.msﬁ_.ﬂ.p.n:.
the government’s Atoms for Peace program, mﬂ,__n AEC »M*mﬂ.ﬁm w.%....p
tively promated the use of this new technology- For £en am.J e
buffer zones around nuclear facilities provided large natural areas
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where radioactive tracers could be used for ecosystem experimenta-
tion. University researchers such as Hutchinson and his students suc-
cessfully exploited the use of tracers. But given the close proximity to
sources of radionuclides and the availability of large, isolated areas
for field research, it is not surprising that the ecologists at the nuclear
reservations at Oak Ridge, Hanford, Brookhaven, and Savannah
River were at the forefront of the postwar development of ecosystem
tracer studies.

Radioactive tracers provided ecologists with a means for quantify-
ing the movement of materials and energy through the ecosystem.
This new technique was particularly useful for studying biogeochemi-
cal cycles in aquatic ecosystems. The radivactive isotope of an essential
element such as phosphorus could be added directly to the water. The
movement of the isotope through the various trophic levels of the
community, and between the community and the abiotic environ-
ment, could then be monitored with a radiation detector.” This
added a new dimension to biogeochemical studies, for it provided the
ecologist with a much clearer picture of the dynamiics of the cycle. By
following the movement of the tracer from one compartment of the
ecosystem to another, the ecologist could more accurately estimate the
rates at which these movements occurred.

While tracers could be used to measure directly the movement of
malerials through the ecosystem, they could also be used 10 measure
indirectly the Aow of energy. Plants, the producers in the ecosystem,
were labeled with a radicactive isotope. At subsequent time intervals
the various consumers in the community were then sampled for radi-
ation. This type of study yielded two important types of information
about the internal workings of the ecosystem. First, it could be used to
isolate individual food chains. If a particular species of plant was
labeled, then only herbivores feeding on the plant and the carnivores
feeding upon those herbivores would later become radicactive. Sec-
ond, tracer studies could be used to answer the question: How long
does it take for energy to move through the ecosystem? By continu-
ously monitoring the various animal populations for radiation, one
could estimate the time required for elements originally in the plants
to reach the end of a food chain. In short, ecologists used tracers in
much the same way that biochemists and physiologists did, but on a
much larger scale. By following the movement of trucer elements, the
ecologist could accurately determine the actual pathways of energy
flow, the rates at which the energy tlowed, the amount of time that
various elements remained within particular compartments of the
ecosystem (residence time), and rates at which these elements moved
from one compartment o another {turnover rate),

Figure 1. .
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Tracer studies worked best in small, isolated ecosystems populated
by relatively sedentary organisms. G, Evelyn Hutchinson's favorite
study site, Linsley Pond, was a perfect place for such research. After
the war, when a reliable supply of radivactive phosphorus could be
procured from the Oak Ridge nuclear facility, he and his graduate
student Vaughan Bowen were among the first to publish isotopic
studies of phosphorus cycling. Even more ideal systems could be cre-
ated in the laboratory, Some of the neatest data on the movement of
phosphorus came from Robert Whittaker's aguarium studies at the
Hanford laboratory. In these microcosms, the radioactive isotope
could not escape, and the fate of all the phosphorus added to the
system could be accurately determined. But other ecologists were not
deterred by the technical problems posed by complex natural ecosys-
tems. The popularity of tracer studies is evident by the large number
of papers on biogeochemical cycles and energy flow presented at na-
tional symposia on radiation ecology.”

Justifying Ecosystem Research

If atomic energy provided new research opportumties for ecosystem
ecologists, then it also provided a convincing justification for their
new specialty. Despite government efforts to promote “Atoms tor
Peace” during the 1950s, most Americans continued to associate
atomic energy with bombs.”” Latent fears about the effects of fallout
and waste disposal fueled an undercurrent of uncertainty that occa-
sionally fAlared into public controversy. Although ecologists could of-
fer no panaceas, they could hold out the promise that further
rescarch might provide solutions to the environmental problems
posed by atomic energy. At the forefront of this movement was Eu-
gene Odum who did much to publicize the environmental etfects of
radiation in his popular textbook, Fundamentals of Ecology.
Fundamentals of Ecology changed in some significant ways as it went
through three editions between 1953 and 1971. The most striking
change in the second edition was the addition of an entire chapter on
radiation ecology. By 1959 when the new edition appeared Odum
had developed strong ties with the AEC, but there was nothing in his
rather traditional academic training that had prepared him to be a
radiation ecologist. His introduction to the subject came in 1957,
when he was awarded a Senior Postdoctoral Fellowship from the Na-
tional Science Foundation.” During his fellowship year Odum spent
time at the Nevada Proving Grounds and at the nuclear facility at
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Hanford, Washington. This experience provided him with the back-
ground to write the chapter on radiation ecology.

Odum’s discussion of radiation ecology was perhaps the first review
of the subject directed toward a general audience. Its appearance was
quite timely. By the mid-1950s there was widespread public concern
about the effects of low-level radiation in the environment, The
United States, the Soviet Union, and Great Britain continued to test
weapons in the atmosphere, and the controversy over “fallout” in-
creased public awareness of radiation. Scientists were divided on the
issue. The geneticist H. |. Muller, who was awarded the Nobel Prize
in 1946 for his demonstration of the mutagenic properties of x-rays,
warned against “race poisoning” from nuclear tests.” According to
Muller even an extremely small increase in the mutation rate would
eventually lead to a significant “genetic load” on the human genome.
Muller's claim was highly controversial, but other prominent geneti-
cists also voiced concerns about potential dangers of fallout for indi-
viduals and populations. Ecologists also responded to the problem,
but from a slightly different perspective. After Hiroshima and
Nagasaki, the American public could easily imagine the deleterious
genetic and physiological effects of radiation. Less obvious, but no less
ominous, were environmental effects. Ecologists, therefore, could
present radiation in the environment as a pressing social and scientific
issue, one that was poorly understood. At the same tume they could
use the problem as a justification for government support of what
they considered an exciting line of research,

In his chapter on radiation ecology, Odum discussed the fallout
problem briefly, but minimized the general risk to human health or
the environment. For Odum, two other problems were more wor-
risome; biological magnification and nuclear waste storage. Re-
searchers at the Hanford nuclear facility had recently discovered that
radionuclides discharged into the Columbia River in trace amounts
sometimes became greatly concentrated as they moved through the
food chain. For example, the concentrations of radioactive phos-
phorus (**P) were often hundreds or thousands of times greater in
vertebrates at the ends of aquatic food chains than in the cooling wa-
ter leaving the nuclear reactors. The potential danger from biological
magnification seemed obvious. As Odum pointed out, “we could give
mature’ an apparently innocuous amount of radicactivity and have
her give it back to us in a lethal package!™ The phenomenon of bio-
logical magnification later became more closely identified by the pub-
lic with the problem of pesticides in the environment. Rachel Carson'’s
Silent Spring, published three years after the second edition of Odum’s
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texthook, made this a cause célébre for the popular environmental
movement.” But Odum and other radiation ccologists were less
alarmist in their attitude toward the biological magnification of radio-
nuclides. The actual danger ol biological magnification depended
upon a number of variables including the halt-life of the nuclide, the
ahility of OTganisms Lo retain the element, and the concentration of
the nonradioactive isotopes of the element in the environment. Fur-
thermore, the phenomenon of biological magnification opened up
new opportunities for ecosystemn research. Because certain radlio-
nuclides accumulated in the various trophic levels of an ecosystem,
tracer studies could determine the How of energy and materials
through the system. Thus, Odum concluded, "Man's opportunity
learn more about environmental processes through the use of radio-
active tracers balances the possible troubles he may have with environ-
mental contamination.”™

Disposal of radioactive waste was a far more troubling problem for
Odum. Like the emotional debate about fallout, concerns about waste
treatment and disposal had become a controversial public issue by the
time Odum revised his textbook.” The Atomic Energy Commission
had a twofold policy on waste disposal. For low-level waste, the pollicy
was “dilute and disperse.” Liquid wastes underwent preliminary treat-
ment to reduce radioactivity, and then they were released into water-
ways. Solid wastes were buried or dumped into the ocean. The AEC
was convinced that this method of disposal was both safe and environ-
mentally harmless. Because there was no satistactory way to dispose of
high-level nuclear waste, the AEC policy was “concentrate and con-
tain.” By 1957 highly radicactive liquid waste from the nation’s reac-
tors amounted to sixty-two million gallons, most of which was stored
in underground tanks at Hanford, Washington. This temporary stor-
age was Lo be superseded at a later date when suitable means of mer-
manent disposal were developed. But by the time that Odum wrote
his chapter on radiation ecology the tanks were already beginning to
leak.

A number of scientists publicly voiced concerns about both aspects
of the Atomic Energy Commussion’s disposal policy.” Odum's chapter
reflected these misgivings. He admitted that the nine billion gallons of
low-level radicactive waste entering the environment each year comsti-
tuted a mere “drop in the bucket” compared to the vast volume of ithe
oceans.” Nonetheless, Odum warned that the environmental impact
of low-level waste might become critical late in the century if nuchear
power became a major source of energy. The proliferation of reactiors
and the economic incentives to minimize the cost of waste treatment
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would inevitably lead to greater environmental contamination. More-
over, the possibility of biological magnification meant that even the
limited discharge of low-level wastes into walerways was not neces-
sarily harmless.

The problems that Odum stressed in his chapter on radiation ecol-
ogy were not the evolutionary, population-level problems raised by
geneticists such as H. J. Muller. Rather, they were ecosystem prob-
lems involving complex interactions of both abiotic and biotic compo-
nents. Odum concluded that these problems were not yet critical in
1959, but that they might become critical in the near future. There-
fore, solving these problems served as a compelling justihcation for
expanding ecological research, specifically the type of ecosystem
studies that Odum had been pioneering. Some ecological interactions
could be studied in the laboratory. Ultimately, however, the fate of
radionuclides in the environment could only be understood through
experiments on natural ecosystems. “In the not too distant future,”
Odum concluded, "the radioecologist may well be one of those who
must help decide when to contain and when to disperse the waste
materials of the atomic age. If the ecologist does not know what to
expect in the biological environment, who willp™

A Symbiotic Relationship

At the beginning of this chapter | characterized the relationship be-
tween ecosystem ecology and atomic energy as symbiotic. From an
evolutionary viewpoint, symbiosis implies more than mutual benefit.
The boundaries between cooperation and competition, parasitism
and mutualism are ofien poorly marked and casily crossed. Altruism
may not reflect good will, but simply self-interest in disguise. Social
symbiosis is no less complex and ambiguous than its biological model.
Such is the case with ecosystem ecology in the atomic age.

The nascent ecological specialty that emerged from World War 11
clearly benefited from the rise of atomic energy. As we have seen,
racdionuclides provided ecologists with a new set of exotic tools and
new research opportunities. In the Atomic Energy Commission ecolo-
gists found a rich source of financial support, and in public concerns
over the effects of radiation they found a convincing justification for
their new lines of research. By embracing atomic energy were ecosys-
tem ecologists motivated by nothing more than self-interest? And why
should the atomic energy establishment have taken interest in a still
rather insignificant scientific specialty struggling to establish itself?

Certainly one cannot entirely rule out environmental concerns as
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part of the answer to the second question. The AEC had a dual man-
date; the agency was established in 1946 both to promote E.._m to regu-
late the development of atomic power™ ..h__,m critics ._u.cﬂ;_.i out,
regulation usually took a back seat to promotion, but in its regulatory
capacity, the agency relied upon the Hnr_.:.“m“ input from scientists,
including ecologists. Even at the height of World War 11, there had
been concerns about the environmental impact of atomic energy.
During the construction and early operation of the nuclear _m.,m__“::_.‘. at
Hanford, high officials of the Manhattan Project had authorized lim-
ited environmental studies.” And extensive biological and geological
surveys were part of Operation Crossroads, the f .:.v,_ postwar atomic
tests at Bikini Atoll. Nonetheless, [ think that it is safe to say that
concern for the environment was never the _n_mui_x.._ rationale for
supporting ecological research. 1t it had been, the AEC would proba-
bly have supported a complete preoperational mzc_ﬂchP,Hdﬁmm study
of the Savannah River site in 1951, rather than providing Eugene
Odum with only modest funds 1o survey animal populations near the
new reactors. But if concern for the environment was only a small
part of the equation, then what was the government’s _.m:._m:m:.w ra-
tionale for supporting Odum and other ecosystem ecologists?

In her stimulating book, A Fragile Power, Chandra Mukerji argues
that the state is less interested in specific technical information that
scientists generate than in their broader technical expertise.™ The sci-
entific community, in Mukerji's view, constitutes an elite reserve labor
force. The state supports scientific research, even research with little
apparent practical application. In return, the state gets a pool of
highly trained problem solvers. Developing such a pool of nxﬁm_.m..,. HES
a major priority of the government immediately after the war.” Fund-
ing basic research in ecology may have m:_u_u__m.a_ a means for generat-
ing technical information and allowed mnc_.cm&_a Lo pursue Eu.....m_.....r
F:.m.,u.. found exciting, but in addiion it provided the government with
the means for training a cadre of experts knowledgeable about ecol-
ogy and the environmental effects of radiation. .

There is more to Mukerji's thesis than this, for she claims that the
state uses science to legitimate its policies. One need not accept this
thesis in all its details to apply it to the case of atomic energy. Ecolo-
gists and other scientists provided the AEC with :.ﬁr_:__um._ :._mE.EE.._E.
about the effects of atomic energy. But this information was often
ambiguous, even contradictory, and often enough :.nc:E rn.zxmm__“_ Lo
criticize AEC policy.® The fact that policy makers in the AEC used
this technical information selectively and sometimes misled the Amer-
ican public about the potential dangers of fallout ...,roE__”_ not obscure
the important legitimizing role that scientists played in this process.
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The AEC, supporting research on a grand scale, was apparently using
scientific data in the decision-making process. By doing so, this con-
troversial federal agency could cloak itself with the cultural authority
of science. This was particularly true after the Fisenhower adminis-
tration launched its Atoms for Peace program in 1953 The program
was an attempt to build public support for atomic energy in the wake
of the first hydrogen bomb tests. It was also designed to put the Soviet
Union on the defensive in terms of worldwide propaganda. One cor-
nerstone of Atoms for Peace was support for basic research, specifi-
cally the use of radioisotopes as tracers, Tracer methodologies were
sutficiently novel that the AEC isotope program attracted a great deal
of interest from elite scientists, including ecologists. At the same time,
the government used the program to publicize its commitment to the
peacetul uses of atomic energy.

Mukerji presents a rather bleak picture of modern science. Scien-
tists have exchanged independence and cultural legitimacy for finan-
cial support from the state, If so, it must be said that after some initial
concerns and skepticism, few scientists showed much enthusiasm for
returning to prewar patterns of research. But what were the motiva-
tions of ecosystem ecologists during the critical period of transition
after World War 117 Were they, to paraphrase a later critic, seduced
by new economic opportunities?™ Given our late twentieth-century
biases cultivated by posi—Vietnam War skepticism toward authority,
the debacles at Three Mile Island and Chernobyl, and the recent rev-
elations about safety violations at Hanford and Savannah River, there
is a great irony in Eugene Odum, “Mr. Ecology,” working so closely
with the nuclear arms industry.” But his situation was hardly unique.
Even the geneticist H. J. Muller, perhaps the most outspoken scien-
tific eritic of atomic energy policy, wrned to the AEC for financial
support. During the opening days of the Cold War few doubted the
need for some nuclear deterrence. And behind this dark cloud there
appeared to be a silver lining. For scientists and AEC administrators
alike, nuclear technology promised a “scientific renaissance.”™ The
delight of making new discoveries seemed impossible to resist. There
was an almost universal optimism that the potential benefits of atomic
energy outweighed its destructive power, that nuclear swords could
eventually be beaten into plowshares. As AEC historians Richard
Hewlett and Jack Holl conclude, “To bring that hope to reality was a
strong and uplifting motivation.™

The ambiguities of the new relationship between science and the
state were not entirely lost upon those who forged it. In his famous
larewell address, an address in which the term "military-industrial
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complex” was coined, Dwight Eisenhower warned that the ideals of
science might be perverted by the political process.™ There was also
the danger that science, as a partner in this new complex, might _}_E..r
to subwvert democracy. Ecologists, wo, sometimes ruminated on their
new partnership with government. For Eugene Odum, nuclear tech-
nology was always a double-edged sword, Although n::rﬂ.,..:_ that
_u..:h_.:.mu_ benefits outweighed =n .,..:.c:_.:n._zm._. costs, he wits forced o
admit that a quarter century atter Hiroshima, atomic energy re-
mained primarily a military technology.™




The New Ecology

Ecologists can rally around the ecosystem as therr basie unit just as molecular biolo-
grists mow vally around the cell.

—Eucese P, Opum, "The New Ecology™

- 8 . ¥

By 1964 EvGENe Opum was proclaiming the arrival of a “new ecology”
that took the ecosystem as its fundamental object of study.' This new
ecology was deeply rooted in historical tradition, but, as Odum ac-
knowledged, its rapid rise owed much to atomic cnergy and other
postwar developments. Odum and his younger brother Howard were
at the center of this emerging specialty, Their award-winning re-
search served as a model for early ecosystem studies. Together they
pioneered the teaching of ecosystem ecology with advanced courses
for college teachers at the Marine Biological Laboratory at Woods
Hole (1957-1961). And they wrote the first textbook organized
around the ecosystem concept, Eugene Odum's Fundamentals of Ecol-
ogy, partly written by his brother, went through three editions (1953,
1959, 1971) and was translated into more than twenty languages.! No
other textbook had such a profound influence upon the teaching of
ecology during the 1960s; as one critic grumbled, for nearly twenty
years the "odum"” was the unit by which the success of ecology text-
books was measured.*

An Unusual Team

Eugene Odum was born in 1913, the son of the prominent sociologist
Howard Washington Odum. The elder Odum was best known for his
writings on American regionalism, the changes in southern society,
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and the effects of technology on social order. But he was also the scion
of a strong tradition of organicism in American sociology. He appar-
ently was an important influence upon his son's thinking, a man
whose ideas Eugene would refer to again and again in his writings.
Undoubtedly from his father Eugene inherited his commitment to
organic holism, looking at the big picture in ecology.' This holistic
approach was deepened and strengthened while he was a graduate
student in zoology at the University of llinois.

Odum entered the graduate school at a particularly exciting time.
The chairman of the zoology department, Victor Shelford, was com-
pleting the manuscript of fio-Ecology, a book coauthored with
Frederic Clements. The book, though not a critical success, did pro-
vide the strongest statement of the organic point of view long champi-
oned by both authors. Odum'’s adviser, the young physiological
ecologist Charles Kendeigh, also held some Clementsian ideas. How-
ever, the dissenting views of Henry Allan Gleason were also being
taught, particularly by the plant ecologist Arthur Vestal. And Arthur
Tansley's ecosystem paper appeared only two years before Odum ar-
rived. Therefore, graduate students were exposed to a cross fire of
ideas about the fundamental units of ecology.” Odum’s dissertation,
an experimental study of the heart rates of birds, may appear far
removed from such theoretical concerns, but his interests in physiol-
ogy and ecology meshed perlectly." As Odum later recalled, “The
transition from bird physiology to ecosystem function was quite natu-
ral for me since it involved moving up the hierarchy from physiologi-
cal ecology of populations to the physiological ecology of ecosystems.
It's really not such a big step to go from whole organism metabolism
to community metabolism.™ This physiological perspective became a
hallmark of Odum’s research.

The actual transition to ecosystermn research came as a result of
Odum's work for the Atomic Energy Commission, but it was stimn-
lated by his brother who was completing a Ph.D. under G. Evelyn
Hutchinson. During the late 1940s Howard was sending his older
brother copies of Hutchinson's lecture notes, and Eugene himsell was
corresporuding with the Yale imnologist.” Thus, Fundamentals of Ecol-
ogy reflected a strong Hutchinsonian influence, particularly with re-
spect to energetics and biogeochemical cycling. This inAuence was
most noticeable in the chapter on energy that Howard contributed to
the book, but looking back on this period Eugene also emphasized the
degree to which his own early ideas on ecosystems were shaped by
Hutchinson.”

Some of Eugene Odum’s ideas have been controversial, but he has
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always remained within the broad mainstream of professional ecol-
ogy. In contrast, Howard has cultivated an image as the enfant terrible
of ecology, a specialist in unpopular ideas." Controversy has followed
him throughout his career. Nonplussed by a rather speculative intro-
ductory chapter in his dissertation on strontium cycling, Odum’s
graduate committee strongly recommended that Hutchinson remove
the “philosophical vagaries” from his student’s work. Hutch-
inson refused, and the dissertation retains its idiosyncratic fusion of
biogeochemisiry and evolutionary theory." This episode, in 1950,
foreshadowed what would become a somewhat stormy career. Con-
troversy notwithstanding, Odum's image as an ccological outsider is a
hit contrived. In attracting funding and graduate students he has had
a remarkably successful career. Together with his older brother, he
has been the recipient of prestigious scientific awards.” And his ideas
have had a profound impact upon ecology, although sometimes indi-
rectly through the writings of Eugene. But the fact that the older
brother is perceived as a mainstream ecologist while the younger is
perceived as a maverick reflects more than differences in style and
personality. It also reflects subtle, but important, differences in the
way the two men view nature. If Eugene has approached ecosystem
ecology like a physiologist, then Howard has always approached na-
ture like a physical scientist or engineer.

Like his brother, Howard emphasizes the important formative role
that his father played in his intellectual development. His boyhood
interests in biology were stimulated by Eugene, who was eleven years
his senior, and by the ichthyologist R. E. Coker, for whom he worked
after school. Unlike his brother, Howard was always strongly at-
tracted to the physical sciences. As a youth he dabbled in electronics, a
nascent interest that later found serious expression in his computer
simulations of ecosystems.” During World War 11 he served as a me-
teorologist in the Air Force. As he later recalled, this experience with
complex, large-scale natural phenomena taught him to appreciate the
need to study systems holistically." It also provided him with an en-
tree to the biogeochemical research that he pursued as a graduoate
student.

Odum was introduced to Hutchinson through his father who was a
visiting scholar at Yale after the war.” It was a propitious time to work
with the limnologist, for his research program was approaching its
zenith. Hutchinson, who was then participating in the Macy confer-
ences on cybernetics, was attempting to complete a formal synthesis of
biogeochemistry and population ecology. As a result, he was attract-
ing an unusually diverse group of very bright graduate students. The
grand synthesis never occurred, and his students all moved toward
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one pole or another; but during the late 1940s the intellectual envi-
ronment around Hutchinson was extremely stimulating.

Odum attended one Macy conference with Hutchinson, an event
that impressed him only by its confusion and lack of intellectual clar-
ity; however, Hutchinson’s paper, “Circular Causal Systems in Ecol-
ogy,” which was a product of the conferences, served as a model for
Odum’s early work. Even more influential was Alfred Lotka’s, Ele-
ments of Physical Biology, a book that Hutchinson recommended to his
student.” Published in 1925, Lotka's book attempted to deline a new
area of biological research: physical biology. Physical biology was to be
the application of physical principles to complex biological systems,
particularly that all-encompassing system that we now refer to as the
biosphere. From Lotka’s perspective, that of the physical chemist, all
biological processes could be reduced to exchanges of matter and en-
ergy among the compartments of a system. As such, biological systems
were governed by the laws of thermodynamics. But biological systems
differed in two important ways from the type of closed chemical sys-
tems traditionally considered in thermodynamics. They were more
complex, and, unlike isolated chemical systems, they were open to
continuous inputs and losses of energy. Therefore, biological systems
never came to a true equilibrium state, dehned in terms of maximum
entropy, but rather attained a steady state, defined in terms of con-
stant energy fow. Lotka's ideas on energy flow were not widely
adopted by nn.u_n_mm: during the 1920s and 19305, but particularly
through the writings of Howard Odum they had a pervasive influence
upon the way later ecologists thought about ecosystems.

The ideas of open systems and steady states could be applied very
broadly in biology. Energy transfer associated with predation and the
cycling of elements were obvious cases. But Lotka also used his open
systems approach to discuss population dynamics in kinetic terms,
where the size of the population was a function of the constant entry
and removal of individuals. This general approach was later
expanded upon by Hutchinson and some of his students. Less
propitiously, Lotka also attempted to explain evolution in thermody-
namic terms, Evolution, for Lotka, was not so much species changing
over time, but rather the overall accumulation and distribution of en-
ergy within a system. Natural selection always maximized the How of
energy and matter through this system. This curious idea seems to
have been almost completely _.n:s____.__”_._ by more tradinonal evolution-
ary :E_cmﬁm Referring to it as the "maximum power principle,”
Odum made it the leitmotif of his controversial evolutionary writings.

By the time that Odum was a graduate student, steady state ther-
modynamics was attracting considerable attention in scientific circles.”
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Hutchinson encouraged his students to explore this literature, and
the ideas, particularly Lotka's, were widely discussed among the Yale
ecologists. Given his background in the physical sciences, particularly
his training in meteorology and physical chemistry, it is perhaps not
surprising that Odum should have been so attracted to Lotka's book.
As Peter Taylor has pointed out in a perceptive article, Lotka had a
much greater influence upon Odum than he did on more biologically
oriented ecologists." Whereas Hutchinson and others only borrowed
Lotka's mathematical models, Odum fully grasped the intent of
Lotka’s physical biology. More than almost any other ecologist, he
has approached the study of ecosystems as a physical scientist might.
As we shall sce, this approach often brought him into conflict with
other biologists, particularly more traditional evolutionary ecologists.

Within months after defending his dissertation, Howard Odum was
writing the chapter on energetics for his brother’s textbook. Together
the two made an unusual team. In terms of personality, scientific
style, and intellectual perspective they were very different, and dur-
ing the years when they were establishing the “new ecology” there was
a bit of sibling rivalry. In important ways, however, their talents com-
plemented one another. The success of Fundamentals of Ecology re-
flects this fruitful collaboration. One can trace much of the evolution
of the ecosystem concept through the subsequent editions of the text-
book. It not only presented the ideas of the two Odums as they devel-
oped over two decades, but the texthook also provided a synthesis of
ideas from other leading ecosystem ecologists. One of Eugene
Odum's most important skills has been his ability to make often ab-
struse theory intelligible to a general audience. As a result, what
might have remained part of a rather narrow, technical literature was
brought into the mainstream of biological thought. Among ecosystem
ecologists he may not have been the most original thinker, but
through his semi-popular writings Eugene Odum was easily the most
influential. For admirers and critics alike, the name Odum became
indelibly linked with ecosystem ecology.

A Refined Concept

It is useful to think of scientific concepts as modular constructs. The
parts fit together to form a more or less unified whole, but some parts
can be removed or replaced without destroying it. As a concept be-
comes refined, original ideas may even be replaced by their contradic-
tortes.” Such is the case with the ecosystem concept as it evolved
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during the 1950s and early 1960s. Nearly all ecologists accepted some
key components, although the scientists might interpret them slightly
differently. Some original ideas were abandoned or replaced by quite
different ones. Other components remained unsettled. One could
conceivably reject one or more of these and still be an ecosystem ecol-
ogist. What follows is a kind of conceptual map of these ideas.

The Machinery of Nature

Two of Tansley's conceptual innovations remained at the core of eco-
system ecology. Unlike population and community, which were exclu-
stvely biological, the ecosystem was the one commonly used ecological
concept that encompassed both biotic and abiotic factors. As such, it
was a particularly useful term for discussing biogeochemical cycles
and energy flow. It also became useful for discussing many practical
environmental problems that could not be clearly demarcated along
biological and nonbiological lines. Rival terms, such as biogeo-
coenosis, never gained much of a following outside the Soviet Union.
Tansley’s notion that systems are defined by the investigator also
proved to be a durable innovation. Ecologists had long bickered about
the natural boundaries of plant and animal communities. For most
ecosystem ecologists, such arguments were both fruitless and irrele-
vant. The ecosystem was not so much a concrete geographical entity
as a fexible abstraction. An ecosystem such as a small pond was not
completely isolated from its ;E_s:_ﬁ":mm Although its _ua_::_m:am
_Em_: be poorly marked, the investigator could still define it as a "sys-
tem" for the purpose of ecological study. Energy, chemical sub-
stances, or organisms might regularly move in and out of the system,
but these movements could be treated as simple gains and losses in the
ecosystem budget. The flexibility that this allowed in pursuing studies
of energy flow and material cycling was very attractive, and this origi-
nal idea was also widely accepted by later ecologists.

Some of Tansley's other ideas changed, but in subtle ways. The
term ecosystem had arisen out of Tansley's critique of Clementsian
ecology. Despite his fascination with the philosophy of modern
physics, neither Tansley nor later ecosystem ecologists, ever com-
pletely abandoned Clements’s organismal metaphor, m_ﬁrcﬁmr after
World War I, there was what Peter Taylor describes as a "partial
transformation” of ecological metaphors, a gradual shift from organic
to machine images.” One might, for example, contrast the organismal
allusions in Raymond Lindeman's trophic-dynamic paper with
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seorge Clarke's postwar picture of the ecosystem as a set of interlock-

ing gears."! Of course, the notion that something can be both organ-
ism and machine is not unusual in biology. And the postwar
development of cybernetics, in which ecology took part, encouraged
analogies between the industrial and organic worlds.

The Odums’s writings exemplify this januslike conception of eco-
systems. Eugene Odum, trained within a basically Clementsian tradi-
tion, has always stressed the organismal attributes of ecosystems:
development, metabolism, and homeostasis. Ecosystems are not, in
fact, organisms, although one can draw useful parallels between
them.” For example, when he needs an analogy for communication
and control mechanisms in the ecosystem, Eugene turns to the physi-
ology of the endocrine system.” For Howard Odum, ecosystems are
only very complex machines. Processes in ecosystems are fundamen-
tally no different from those of water wheels, steam engines, and elec-
trical circuits. Writing in 1959, he stated, “The relationships between
producer plants and consumer animals, between predator and prey,
not to mention the numbers and kinds of organisms in a given envi-
ronment, are all limited and controlled by the same basic laws which
govern non-living systems, such as electric motors and automobiles.™
When Howard Odum speaks of communication and control, he
rarely turns to organic analogies; instead, he speaks of the invisible
wires in nature's circuits,”

The complementarity of these images i most evident in the
Odums's writings on self-regulation and the steady state. Ideas of sta-
bility and self~regulation permeate the writings of both Odums, going
back to their Ph.D. dissertations. Beginning with the second edition of
Fundamentals of Ecology (1959), Eugene Odum began discussing these
phenomena explicitly in terms of homeostasis.™ He had read Walter
B. Cannon's The Wisdom of the Body as a graduate student during the
late 1930s, and he later used it as required text in the physiology
course that he taught at the University of Georgia.” Cannon’s concept
of homeostasis—the idea that organisms are capable of maintaining
internal stability in a Auctuating environment—was directly appli-
cable to Odum's early research in physiological ecology. But Cannon'’s
approach also held more Mm:ﬂi appeal for Odum who shared the
Harvard physiologist's commitment to functionalism, the holistic
study of complex biological systems, and the close analogy between
biological and social entities.™

For Odum, homeostasis became a general biological principle. Ho-
meostatic mechanisms acted at all levels of biological organization
from cells to ecosystems. Thus, Odum was not simply reformulating
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the Clementsian argument that the ecosystem is a kind of orgamism
because it is homeostatic. Rather he was making the much stromger
claim that all living systems—ucells, organisms, populations and eco-
systems—share this common self-regulatory property. Part and par-
cel of this way of looking at the living world s the acceptance of
biological functionalism. For Odum, individual organisms and popu-
lations really are parts of the ecosystem in the sense that they carry out
particular functional roles. Individuals might compete with one an-
other, but if an ecosystem is to survive, competition must be balamced
by cooperation. Thus, the evalution of stability in ecosystems occurs
through a reduction in competition and an increase in mutualism . For
example, Odum would like to see the evolution of lichens as a pro-
gressive change—{rom the primitive condition where a fungus para-
sitizes its algal host o a tuly mutualistic ﬁ_icrr:.cu where both
fungus and algae benefit. "L ike a balanced equation,” Odum wrote,
“it seems reasonable o assume that negative and positive relations
between populations eventually tend to balance one another it the
ecosystern is to achieve any kind of stability."™

Odum believed that the evolution of homeostasis and the conse-
quent stability of ecosystems occurred through a combination of
group selection and coevolution, By the late 1960s such statements
were highly controversial, but during the 1950s they reflected nnain-
stream biological thought. As Gregg Mitman has described in his de-
tailed study of ecology at the University of Chicago, Alfred Emerson
had been expressing similar ideas about homeostasis and evolution
for more than a decade.* Odum was familiar with Emerson’s work on
social insects and may have derived some of his ideas from it. But the
concept of homeostasis was being used so widely after World Wiar 11
that tracing lines of inlluence is difficult. H_:.n:._m the two decades fol-
lowing the war, a diverse group of scientists used homeostasis w ex-
plain a broad range of biological phenomena.™

In contrast to his brother's more biological account of ecosystem
stability, Howard Odum attempted to provide a thermodynamic ex-
planation. Citing Lotka’s Elements of Physical Binlogy, he argued that
natural selection favored those systems that maximized power owtput
in the form of growth, reproduction, and maintenance. But maxi-
mum power required a sacrifice in efficiency, Using the example of
Atwood's machine, a simple system composed of two weights con-
nected by a rope attached to a pulley, Odum noted that maxirnum
power output is attained at 30 percent elliciency. In short, the wopti-
mum efficiency for power production was much less than maxirmum
efficiency. This “maximum power principle,” Odum believed, applied
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not only to simple laboratory demonstrations but to all systems, n-
cluding the complex open systems of the biological world. Power was
at a premium in the struggle for existence, but it was not the only
factor for survival. Natural selection favored not only the most power-
ful systems but also the most stable. This “stability principle,” which
Odum atiributed variously to Lotka and the University of California
zoologist Samuel |. Holmes, stated that as living systems evolve, in-
creasing amounts of energy are diverted to maintenance.™ In a climax
ecosystem, like the coral reef at Eniwetok Atoll that he and his brother
had studied, nearly all the energy trapped by the producers was used
to maintain the complex living community. “As an open system,” he
wrote of the reef, “the construction of self-regulating interactions has
led by selective process to the survival of the stable.”™ Such stable
ecosystems were in a thermodynamic steady state; photosynthesis was
almost completely balanced by respiration.

The maximum power principle and the stability principle could be
easily translated into the language of homeostasis. Walter B. Cannon
made an important observation in The Wisdom of the Body: organisms
often sacrifice efficiency to maintain stability. Large amounts of en-
ergy are used to maintain the proper balance of water and minerals in
the body.® Although this might appear uneconomical, Cannon be-
lieved that homeostatic stability was a necessary precondition for the
evolution of the vertebrates. This fusion of physiological and physical
metaphors for ecosystem stability became even tighter during the
19605 when the language of cybernetics began to enter ecology. Cy-
bernetics, as originally conceived by Norbert Wiener, had drawn
heavily upon Cannon's physiology, but after the war many biologists
used cybernetics as a new way to discuss organic self-regulation. For
Howard Odum, feedback loops in ecosystems could be diagrammed
as if they were parts of an electronic circuit. For Eugene Odum, these
loops were more closely analogous 1o hormonal or neural control sys-
tems. But as his later writings suggest, homeostasis and cybernetics
were simply two different ways of discussing the same thing.*

Systems Thinking and Systems Ecology

Cybernetics was just one example of a broader intellectual movement
that developed alter World War 11, a development that Robert Lilien-
feld has referred to as “systems thinking."* New areas of research
such as cvbernetics, general systems theory, operations research,
game theory, information theory, and computer simulation were
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premised upon the belief that diverse physical, biological, and soc:ial
entities could be treated as systems. In his highly critical history, LLil-
ienfeld identifies two related characteristics with the rise of systeims
thinking. One is syneretism, the tendency for what were once distimct
technical disciplines to fuse. Many supporters of systems thinking aad-
vocated interdisciplinary sharing; indeed, they often saw systems thhe-
ories as tools for breaking down disciplinary barriers. The othher
characteristic is migration, the movement of systems thinking into pare-
viously well-established disciplines. This migration can take the forrm
of technical innovation, but, according to Lilienfeld, it is also charzac-
terized by missionary essays, programmatic statements, and the rhhe-
torical use of technical jargon.” Systems Ecology, a term coined by
Eugene Odum, partook of both syncretism and migration.®

Historians have emphasized the difficulty of adequately definiing
systems ecology.” This might be expected in a case where several ssci-
entists more or less independenty borrowed from an already heterro-
geneous mix of ideas; however, the situation is not entirely chaottic.
For the purposes of this discussion, 1 identify three broadly overlap-
ping definitions of systems ecology. In a very general sense, ecosysteem
ecology and systems ecology could be used as synonyms. Systems eccol-
ogy could be much more narrowly identified with the small, higthly
technical subdiscipline ol ecosystem modeling. Finally, one migzht
identify systems ecology with Howard Odum's ambitous and idiio-
syncratic attempt to create a universal science of systems,

The general use of the term is best exemplified by the work of Elu-
gene Odum. For him, systems ecology was as much a “state of mined”
as it was a set of mathematical techniques.” It involved thinking about
the living world in the way Arthur Tansley had suggested during tthe
1930s, The philosophical core of Tansley's ccosystem concept was tlhe
belief that nature is composed of innumerable, partially overlappiing
systems. These spatiotemporal units could be of any size; an ecosyys-
tem might be an aquarium, a space capsule, a farmer's field, a pomd,
or the entire biosphere." Thus, 1o be an ecosystem ecologist requirred
one to think in terms of systems; as Odum succinctly put it, "the new
ecology is thus a systems ecology.” Odum ofien borrowed from tthe
language of cybernetics and other systems sciences to discuss ecoloygi-
cal phenomena. For example, the idea of negative feedback conurol
could be used interchangeably with the more biological idea of no-
meostasis. But this was borrowing, or, to use Lilienfeld's metaphor,, it
Fepresented the migration of cybernetic ideas into the established dlis-
Cipline of ecology. There is little evidence that Odum himself delveed
deeply into the technical literature of cybernetics or systems theory.
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Significantly, when it came time to prepare the third edition of Funda-
mentals of Ecology, the new chapter on systems ecology was written not
by Odum, but by the younger biologist Carl |. Walters.

If systems ecology could be used synonymously with ecosystem
ecology, then it could also be identified with a much smaller suhb-
specialty that began to emerge during the early 1960s. For ecologists
such as Ramon Margalef, Howard Odum, Jerry Olson, Bernard Pat-
ten, Lawrence Slobodkin, George Van Dyne, and Kenneth Watt, sys-
tems sciences offered an array of new tools for dealing with
complexity. “The significant features of the approaches,” Patten
wrote, “are that they are essentially mathematical in nature, and they
require modern computing equipment for effective application.™
For Patten and others, the ecosystem might be a "keystone” concept,
but it was one that could be explained fully only in the language of
mathematics. This smaller group of “systems ecologists” was distin-
guished by two important characteristics. In contrast to Eugene
Odum, for whom systems thinking was primarily qualitative, this
group more fully exploited the technical innovations of the systems
sciences. And rather than simply borrowing systems thinking, these
ecologists contributed to the journals and interdisciplinary confer-
ences that had sprung up around the new systems sciences. They
were enthusiastic proponents of what Lilienfeld refers to as the syn-
cretism of systems thinking.

If systems ecology involved the migration of new ideas into an es-
tablished discipline, this was not accompanied by a migration of scien-
tists. Almost without exception, the systems ecologists were trained in
traditional biological programs.* Typical of this group was Bernard
Patten. As an undergraduate zoology major at Cornell, Patten took no
courses in mathematics. He began working on a master's degree in
botany at Rutgers University in 1954 but was inducted into the Army.
While doing pesticide research at Fort Detrick, Maryland, he was in-
trocuced to a series of essays on the use of information theory in
biology. He later recalled that his inability to follow the mathematics
made the essays all the more intriguing.”” Once he had “caught the
systems bug,” Patten read widely in the literature of the systems sci-
ences, and he took several courses in mathematics as he completed his
Ph.D. His dissertation used information theory to measure the diver-
sity of a phytoplankton community.

As a young professor at the College of William and Mary, Patten
assigned Ross Ashby's Intreduction to Cybernetics as a textbook in his
marine ecology course. Taught during the early 1960s, this may have
been the first course in “systems ecology.” But the real development
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of the subspecialty came when Patten moved 1o the Oak Ridge Na-
tional Laboratory in 1963. The laboratory, with its heavy emphasis on
the physical sciences, had the advanced computers needed for soplhis-
ticated modeling, and two other biologists on the staff shared Patten’s
enthusiasm for systems ecology: Jerry Olson and George Van Dyne.

Like Patten, both Olson and Van Dyne came from traditional bio-
logical programs. Olson received a Ph.D. in botany from the Univer-
sity of Chicago in 1951 with 2 dissertation on soil changes during
dune succession. Often compared tavorably to Cowles’s classic study
of the same dunes, Olson's doctoral research won the prestighous
Mercer Award from the Ecological Society of America. Van Dyne was
the product of an agricultural program. He had a bachelor's degree
in agriculture from Colorado A & M College and a master’s in animal
husbandry from South Dakota State University. His Ph.DD. was in nu-
trition from the University of California at Davis with a dissertation
on the effects of cattle grazing on grassland ecosystems. Although
interested in ecological modeling, Van Dyne had little experience
with computers before he arrived at Oak Ridge.

Olson was the first of the three to arrive at Oak Ridge. By 1960 he
was continuing his soil studies with the use of radioactive tracers and
experimenting with the use of analog computers to simulate ecosys-
tems. He was perhaps the first ecologist to do so. Patten arrived at
Oak Ridge in 1963, followed a year later by Van Dyne. The interests
and abilities of the three ecologists apparent Iy complemented one an-
other, Patten later recalled that his experience at Oak Ridge was excit-
ing, even exuberant.*® Funded by grants from the Ford Foundation
and the National Science Foundation, the group offered an advanced
course in systems ecology through the nearby University of Tennes-
see. Although it was intended primarily for graduate students, the
course was audited by a number of postdoctoral fellows, visiting scien-
tists, and faculty members.” This fruitful collaboration was short
lived. By 1968 both Patten and Van Dyne had moved back o aca-
demia. But the team had left its mark: after 1968 Oak Ridge ‘was
recognized as the leading center for systems ecology in the United
States.

Systems ecology was as diverse as the systems sciences that it drew
upon, but at the core of this enterprise was the use of computers for
modeling and simulation. Increasingly, the new digital computers
were used for this purpose. Van Dyne, who had learned FORTRAN
programming, had already begun to explore its possibilities during
his brief stay at Oak Ridge. But the early development of systems
ecology relied more heavily upon analog computers. In an analog
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computer electrical circuits are used to represent the features of the
system under study. More to the point, the circuits represent mathe-
matical equations describing these features. During a simulation, the
computer generates voltages that behave like the .__EEnEmzn:_ vari-
ables in the equations. In this way several equations can be solved
simultaneously. For the systems ecologist, analog computers served
two important purposes.® They could be used to E.un_.&, very large,
complex systems. Physical and biological processes occurring over the
course of several decades could be rather quickly simulated in the
Jaboratory. This had tremendous theoretical and practical implica-
tions for predicting the behavior of real ecosystems. But the very pro-
cess of building analog models also played an important ,_EE,_.En
function. Modeling involved a stepwise process of abstraction from
the complexity of nature to the relative simplicity of the analog cir-
cuitry, For example, the ecologist might identify and isolate food
chains within an ecosystem, draw compartment diagrams represent-
ing the flow of energy through these chains, write Ewrﬁrnq:m:nm._ cqua-
tions representing the rates of energy flow, and finally create m‘:a
analog program (i.c., circuit diagram).” This process :*,m‘amﬁgﬂms:
could be a powerful stimulant for the scientific imagination, leading
to new questions about the real system under study. In a more mmnaqi
way, systems ecology could also serve as a “strategy of _,mmmm_..n_.r aset
of procedures that forced the ecologist to keep the “big picture” in
mind.*” By building models explicitly in terms of systems and compo-
nent subsystems, one might hope to achieve a coherent explanation,
rather than a collection of fragmentary results.

There is no reason why the type of systems ecology described m_uc,m__n
should necessarily be restricted to the study of ecosystems, and, in
fact, ecologists such as Kenneth Watt and C. S. :E__Hn used systems
analysis to study populations. Thus, there is some ._:m:.mnm:c: mn.__.
claiming that systems analysis has become a standard tool in ecology.”
However, for better or worse, systems ecology and ecosystem ecology
became closely linked. When supporters, and especially critics, spoke
of systems ccology, they were usually speaking within the context of
ecosystem studies. Partly this was a result of Eugene Odum’s "mission-
ary essays” that equated the two. Partly it was owing to the boost that
both ecosystem ecology and systems ecology received from the Inter-
national Biological Program (discussed in chapter 9). Partly, it was
also responding to the way that Howard Odum used both the ecosys-
tem concept and systems ecology in his attempt to build a grand sys-
tems science. .

Independent of the Oak Ridge group, Howard Odum also expert-
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mented with analog models of the ecosystem during the early 196(0s.
He and his students published a number of important modeling
papers, including two in the high visibility journals Science and tthe
American Scientist,” But he was hampered by a lack of sophisticated
computer equipment, and thus he turned w a more conceptual mp-
proach to systems ecology. In early analog models, ecological vairi-
ables were simulated by actual electronic components such as resistors
and capacitors; however, by the end of the 1960s these were replacied
in Odum's circuit models by a more general set of energy symbols.
From Odum's perspective this new approach had important advan-
tages.” It freed him from some physical restrictions imposed by elec-
trical circuits, and it allowed him to develop a universal energy
language (energese) for modeling systems, in general. Odum believied
that this language could be applied to any system: electrical, mechain-
ical, biological, or social. ‘This ambitious program in systems ecoloygy
was summarized in Odum's semipopular book, Envtronment, Pouver,
and Society (1971).

Odum's book, an edlectic and idiosyneratic work aimed at a general
audience, was intended to explain basic concepts in ecology usimg
Odum's energy language.” The early chapters provided an excelle:nt
summary of ecosystem ecology and a coherent introduction to syys-
tems modeling. It also presented a cogent argument for the limits of
industrial growth. Circuit diagrams were skillfully used to illustrate
the dependence of agricultural ecosystems and industrial societiies
upon fossil fuel subsidies. Left at that, the book might have becorme
one of the most important environmental treatises of the 1970s. Less
auspiciously, in later chapters Odum applied his systems approach to
politics and religion. “The energetic laws are as much first principlles
of political science as they are first principles of any other process on
earth,” he claimed.” Vaoting, public opinion, taxes, even revolution
and war could be exﬁ:..m?i. in the language of energy circuits. Thhis
large-scale reduction of complex social phenomena to simple quamn-
titative variables exemplified one of the "besetting vices” that Lilien-
feld has identified with systems thinking.® Lilienfeld complains thiat
by mechanizing human behavior and social interactions, systerms
thinking inevitably leads to autheritarianism. Odum's book is a case in
point. Although he claimed to be defending democracy, the simple
control loops of his energy diagrams were more suggestive of coer-
cion and manipulation than of individual freedom.

Odum’s excursion into social and political discourse was unforcu-
nate. Enutronment, Power and Society, with its penetrating insights imto
environmental problems, might have been influential, but apparently
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it was not taken seriously by professional ecologists. Book reviewers in
many leading journals read by ecologists simply ignored the hook.
The review in Seience, although not entirely hostile, emphasized the
idiosyncratic character of Odum’s systems thinking. Egbert Leigh, an-
other student of G. Evelyn Hutchinson, praised Odum for undertak-
ing such an ambitious project, but then he added that the book was “a
most maddening work, which at first sight seems totally undisciplined,
a chaotic mixture of the asinine, the banal, and the brilliant, with ran-
dom observations, often in conflict with the available evidence, on
nearly everything under the sun.” Unfortunately, Odum seemed to
be repeating the fate that had befallen his intellectual model, Alfred
Lotka, a scientist who never successfully reached his intended audi-
ence. Like Lotka, much of Odum’s influence in ecology, particularly
in later years, came indivectly through the writings ol others. The
reception of Environment, Power, and Society was a clear signal that by
the early 1970s, he had moved to the fringes of s$ystems ecology and
professional ecology in general.

Dealing with Complexity

Arthur Tansley first presented the ecosystem concept within the con-
text of a critique of holism. After more than half a century his tren-
chant analysis of this philosophical position has lost none of its
original bite. Tronically, as it evolved, the ecosystem concept became
closely identified with the very philosophy that Tansley so adamantly
opposed. This change came about primarily through the writings of
Eugene Odum and Howard Odum, strong defenders of holism. Ant-
reductionistic themes increasingly permeated Fundamentals of Ecology
as it went through three editions. Several other ecosystem ecologists,
particularly those drawn to modeling and svstems analysis, also
claimed to be using holistic approaches in their work. As a result, both
adherents and opponents of the specialty have tended to identity eco-
system research with philosophical holism.

Biological debates over holism and reductionism almost always gen-
erate more smoke than light, and those in ecology are no exception.
As a few perceptive critics have pointed out, Howard Odum'’s attempt
to explain all ecological phenomena in terms of energy looked sus-
piciously like reductionism, albeit “large-scale reductionisin.”* Con-
versely, it can be argued that self-styled ecological reductionists have
rarely tried to really explain ecosystem phenomena in terms of
smaller biological units.™ They simply ignore the “whole” and study

-
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the “parts” in isolation. Such diffuse and polemical debates over re-
ductionism are not uncommon in the history of biology, and more
recently some ecologists have been quite sophisticated in explaining
the hierarchical relationships among biological systems.” But the his-
torical question remains: What purpose did holism play in the early
development of the ecosystem concept?

The answer to this question is twofold: holism provided useful rhe-
torical arguments for justitying and legitimizing an emerging spe-
cialty, and it served as a fruitful heuristic for stimulating research.
Holistic arguments rarely converted skeptics, but they did increase
solidarity within a small group of practitioners. When Eugene Odum
arrived at the University of Georgia he encountered a zoology depart-
ment that was largely indifferent toward ecology. For most of his col-
leagues, ecology was simply another name for natural history. The
idea of ecosystem research was almost totally unknown at the univer-
sity. Therefore, Odum had to justify not only studying large biolog-
ical systems but also studying them in terms of their overall
metabolism. Moreover, outside this local context where he was at-
tempting to establish an independent institute of ecology, Odum
needed to justify the autonomy of ecosystem ecology within the pro-
fessional discipline of ecology where he was trying to establish a new
specialty and within the still broader context of the scientific commu-
nity where he was competing for funding. In Fundamentals of Ecology,
Odum presented an unusual and sophisticated defense.

The first part of the argument was antireductionistic. Although na-
ture is organized on many levels, he argued, no level is necessarily
more complex or difficult to study than any other.

E?ﬁ:__._h:zﬂ_,h_._ﬂ_..__ﬁz:__.ﬁ_::.q.h_______hwa%z..__.:ﬂ..__n_.__:ﬁ..__, 5&&@: E.n%_.____:___...._._n_q,.,rmﬂmmm
no reason Lo suppose that any level is any more difficult or any easier to
study quantitatively. The enumeration and study of the umits of an organ-
isim (i.e., the cells and tissues) is not inherently any easier or more ditheult
than the enumeration and study of the units of a community {i.e., the
organisms). Likewise, growth and metabolism may be effectively studied
at the cellular level or the ecosysiem level by using units of measurement
of a different order of magnitude.”

To make this point more explicit, Odum drew a diagram of the units
of biological organization from cells to the biosphere, but the diagram
was arranged horizontally, rather than vertically. The message was
clear: if all levels are equally complex, then there is no reason for
biologists to adopt a reductionist strategy. Research at the level of
ecosystems 15 just as likely to produce important discoveries as re-
search in molecular biology.
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The second part of Odum’s argument was more r::ﬂ.ﬁ. Dogmatic
reductionism impeded the advance of science. 1f biologists spent all
their time studying cells, then they would never get around to study-
ing populations and ecosystems. Furthermore, m.:r::mw all levels of
biological organization shared common characteristics _H__w._.cE:r mminr
opment, metabolism, and homeostasis), the :.narma_,ﬁnm by which
these processes occurred were different. Understanding a process at
one level only partly explained the same process at another _r”.._nm.
Knowing about homeostasis at the cellular or organismal levels E_m_:
provide ecological insights, but it could never completely explain the
stability of populations and ecosystems. Thus, science had to advance
along a broad front. “This situation is analogous to the advance of an
army.” Odum concluded, “A breakthrough may occur mzw......_:m_.ﬂ.m:a
when one does, the thrust will not penetrate far until the whole front
moves up.™ ) ) . .

Systems thinking often goes hand in _mm_i with ﬂ?__:m,.ﬁ_:nw_ ho-
lism. Not surprisingly, the systems ecologists were among its most ar-
dent supporters. Using one of his clever metaphors, Howard Odum
referred to the “macroscope” of systems science.” In contrast to the
microscope that allowed the scientist to observe hidden details, the
macroscope served as a kind of “detail eliminator.” Through the mac-
roscope large systems appeared simpler; they became black boxes
with inputs and outputs. Freed from AF,E:.. the systems ecologist
could ask new questions about the behavior of the system asa whole.
The intricate biological details of a particular ecosystem were rele-
vant: natural history served as an important means of creating an
“inventory of parts” for the system, but the real explanation came in
terms of overall energy flow through the ecosystem as a ,_...._:D_m.i m.s__
example, when the Odums had studied the :._n..E_u.c:.m:. of the .:..n_ at
Eniwetok Atoll, they were not concerned with individual species. In-
deed, at the time they were unable to identfy them. Zcﬁ...\.:,.lmm.m. they
were able to estimate the total How of energy through the entire sys-
tem. Had they started studying the reef from the bottom up, they
might never have gotten around to studying its overall metabolism.

A Managerial E thos

Environmentalists of the 1970s frequently used the ecosystem con-
cept to argue for the preservation of natural habitats. Ecosystem ecol-
ogists were also deeply committed to conservation, but not necessarily
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in the form advocated by popular environmental groups. In his bo
Nature's Economy, Donald Worster argues that professional ecolog
are imbued with a “managerial ethos,” a set of beliefs that reflect
imperialistic attitude toward nature.” Whether or not one complet
accepts Worster's critique, the ecosystem concept did become clos
identified with the rational management of nature for human bene
In the first edition of his textbook, Eugene Odum wrote, “The aim
good conservation is to insure a continuous yield of useful pla
animals, and materials, by establishing a balanced cycle of harvest
renewal. . . . The principle of the ecosystem, therefore, is the bi
and most important principle underlying conservation."* Ecole
provided an understanding of natural cycles and the homeost
limits of ecosystems. Humans could learn valuable lessons from
ture, but this knowledge also allowed humans to intervene, to man
ulate natural ecosystems, and to create artificial ones.

The idea of “man the manipulator” is a common thread runn
through the literature of ecosysiem ecology.” For many ecologists |
phrase encapsulated the most pressing dilemma facing science 2
society. Technology, as Odum acknowledged, was a double-edg
sword.® It not only held out the promise of a better life, but it 2
held the potential for destroying the environment. Faced with 1
dilemma, ecosystem ecologists rarely turned away from technolo
Instead, they often looked forward to a new era of “ecological er
neering.™ The ecological engineer used nature’s own machinery
construct new life support systems for human society. For examj
Howard Odum envisioned a situation where municipal waste wa
might be pumped through a seminatural, aquatic ecosystem, Nu
ents would be removed by microbes that would serve as a base
various food chains. At the top of the food chains might be harw
able species such as crabs. Clean effluent leaving the ecosystem cir
be reused as drinking water by the human population. Thus, by cc
bining human engineering principles with nature's own "“self-des
principles” a true “partnership with nature” might be achieved, Mt
to the dismay of some traditional environmentalists, such plans w
actually implemented on a smzll scale, and they apparently worl
quite well.™

Peter Taylor has characterized Howard Odum's attitude tow:
ecological engineering as “technocratic optimism.”™ However, 1
technocratic optimism rested uneasily with a more apocalyptic sel
that the real cutting edge of technology’s sword was its destruct
rather than its productive, edge. Modern industrial society with
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voracious appetite for energy and its ability to alter natural ecosys-
tems had precipitated an environmental crisis. In a section of Environ-
ment, Power, and Society, “The Network Nightmare,” Odum used the
fantasy of a monstrous computer-organism gone berserk as a meta-
phor for this crisis.” Although he discussed the potential for ecologi-
cal engineering, Odum suggested that completely managing nature
was an impossibility. His brother was also uneasy about the mana-
gerial ethos. Homeostasis had evolved gradually in ecosystems, and
human perturbations often destroyed the intricate self-regulatory
mechanisms of nature. Human domination of nature was a “dan-
gerous philosophy,” a beliet that Eugene Odum wished to dispel with
his Fundamentals of Ecology. “When the reader has finished with this
book,” he wrote, "I am sure he will agree that we cannot safely take
over the management of everything!™

Extending the Research Agenda

Raymond Lindeman's trophic-dynamic paper identified three related
intellectual problems that together provided the primary foci for eco-
system ecology: biogeochemical cycling, energy flow, and succession.
These problems held an intrinsic theoretical interest for those inter-
ested in how ecosystems functioned. But for reasons that Lindeman
could not have imagined these problems also loomed large in public
debates after World War 11. Less than a year before Hiroshima,
Vladimir Vernadsky wrote that for the first time in history man was
becoming “a large-scale geological force.” Human activities were
now capable of altering not only local environments but also the bio-
sphere as a whole. No example illustrates the convergence of theoreti-
cal and practical uses of ecological knowledge so clearly as Howard
Odum's dissertation on the biogeochemistry of strontium. When
Odum began his research strontium was a substance practically un-
known to the nonscentific public. During the late 1940s when Odum
began his research, studying strontium was simply another step in G.
Evelyn Hutchinson's ambitious biogeochemical survey of the ele-
ments. Biogeochemically, strontium acted in a qualitatively similar
way to the more abundant and biologically important element cal-
cium. However, the point of Odum's research was to demonstrate
that the strontium cycle, or what he referred to as the “strontium
ecosystem,” was a stable, self-regulating cycle.”™ According to Odum as
the concentration of strontium increased in the oceans it was removed
and deposited in the exoskeletons of molluscs. As a result of this
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simple control mechanism strontium was maintained in a steady state
equilibrium. He provided data showing that levels of strontium in the
oceans had not changed signilicantly during the past 600 mi
years.

Odum’s early research was the epitome of basic science, and there
was no hint that the strontium cycle was of more than purely awca-
demic interest. A decade later, atmospheric testing of nuclear
weapons and the consequent relcase of large amounts of radioactive
strontium-90 made this element familiar to almost every educated
American.”™ By the late 1960s George Woodwell and others deman-
strated that toxic substances such as DDT also had biogeochemiical
cycles.”™ On a local level, these substances could become concentratted
in the higher levels of food chains. Global cycles distributed some: of
these persistent chemicals far from their points of origin. Even A.nt-
arctica was not free of pesticide residues. For a public already comdi-
tioned by Rachel Carson's Silent Spring, such widely publicized
revelations heightened environmental concerns. For professional ewo-
system ecologists, the discoveries simply confirmed what they already
believed: biogeochemical cycles were fundamental processes in all
€COSYStems.

Biogeochemical cycles were important, but for most ecosystem ecol-
ogists energy flow was of even greater interest, As one critic later com-
plained, the specialty seemed to be “obsessed with calories.” As ithe
ultimate limiting Factor for life, energy flow seemed to hold the lkey
for understanding the structure and function of ecosystems. Exprres-
sing the appeal of this line of research, John Teal wrote, “The study
of community metabolism is one means of making a functional amal-
ysis of an ecosystem, . . . It provides a measure of the total activity of
the community just as a study of individual metabolism does for an
individual organism.”™ In theory, the structure and function of ithe
living community—the sizes, numbers, and kinds of organisms; ithe
relationship between producers and consumers; competitive intemac-
tions among species; the interdependence of predators and prexy—
could all be explained in terms of energy transformations. As G.
Evelyn Hutchinson pointed out in his tribute to the young ecologist,
Raymond Lindeman had taken the first tentative steps toward redluc-
ing the complexity of ecosystems to such simple energetic termns.”™
Hutchinson’s later student, Howard Odum, was primarily responsiible
for continuing this intellectual process. As Peter Taylor points out,
Odum was unique among ecosystem ecologists in that he reducedi all
ecological parameters—biomass, population sizes, diversity, essenutial
chemical elements—into energy.® Following Lotka, he intendedi to
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explain ecological phenomena completely in terms of the principles
of thermodynamics. Although his grand synthesis, Environment,
Power, and Society, apparently had little impact on professional ecolo-
gists, some of his earlier conceptual innovations were highly influen-
tial.

More than any other ecologist, Howard Odum has shaped the way
biologists think about energy. The chapters on energetics that he
wrote for his brother’s textbooks summarized several of his important
technical papers and presented this information to a broad audience.
Biologists who never read his massive study of Silver Springs, ney-
ertheless absorbed its message through textbook accounts. Perhaps
the major conceptual innovation to come out of this study was
Odum’s pictorial model of energy flow. Unlike earlier diagrams,
which confused the movement of energy and material, Odum’s model
showed at a glance what was important about energy flow. Each tro-
phic level was represented by a rectangular compartment, the size of
which represented its energy content. 'The compartments were con-
nected by arrows representing the flow of energy from one trophic
level to the next. Arrows representing the heat loss of respiration
were also drawn from each compartment. Diagrammatically the ar-
rows illustrated the effects of the second law of thermodynamics; ev-
ery trophic transfer entails a loss of usable energy from the system.
Like the orbital or “clectron cloud” diagrams used by chemists to vis-
ualize the probable locations of electrons around the nucleus, Odum’s
pictorial model played an important explanatory role in ecosystem
energetics. Once seen, it became difficult to think about energy flow
removed from the visual context of the diagram (figure 8). Not sur-
prisingly, this model appears today in virtually every undergraduate
textbook of ecology. Ironically, Odum's later electrical circuit dia-
grams, which he considered superior to the compartment models,
never caught on among ecologists. Pictures are important, and appar-
ently only the right picture can capture the essence ol a complex natu-
il process.

Cracks in the Edilice

By the mid-1960s the Odums were at the height of their influence.
During this period Eugene Odum wrote perhaps his most important
and controversial article, “The Strategy of Ecosystem Development.™
Published at the end of the decade, the paper was based on Odum’s
1966 presidential address to the Ecological Society of America. The
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apotheosis of the “new ecology,” it summarized two decades of * re-
search on energy flow and biogeochemistry and placed it within 1 the
conceptual framework that the Odum brothers had constructed. UUn-
like many such articles, however, this was not simply another ppro-
grammatic statement. In a table, Odum set out a list of twenty-fcour
umiversal trends that he claimed were characteristic of successiion.
One might quibble whether these constituted hypotheses and preedic-
tions in the technical sense. But the sharp dichotomies that he drrew
between immature and mature ecosystems were striking, and soome
ecologists treated them as predictions to be empirically tested.®

Strategy meant maximizing stability, a process that occurred oon a
number of time scales. “In a word,” Odum wrote, “the ‘strategy’’ of
succession as a short-term process is basically the same as the ‘strateegy’
of long-term evolutionary development of the biosphere—namaely,
increased control of, or homeosiasis with, the physical environmennt in
the sense of achieving maximum protection from its perturbationss."*
If ecosystems actually employed this strategy, a number of meassur-
able changes ought to be observed. During succession diversity shosuld
increase as species became specialized for particular functional robles.
Therefore, the number of species ought to be greatest in mature, | cli-
max ecosystems. Specialization promoted symbiosis as species becaame
more dependent upon one another. In the language of systems eccol-
ogy, this increase in structural complexity meant an increase in inffor-
mation content and a decrease in entropy in the system as a whoole.
The growth of decomposer populations and detritus-based fcood
chains would increase the efficiency of nutrient cycling. As a result L the
leakage of nutrients from the system would decrease. During succces-
sion the amount of biomass would increase until it reached a maaxi-
mum at chimax; however, the rate of production in relation to the rrate
of respiration would decrease. In the climax ecosystem, gross prodiuc-
tion would roughly equal respiration. In other words, virtually: all
production would be channeled into self-maimtenance, rather thhan
growth. Odum admitted that some of these hypothetical trends wvere
speculative, but he believed that the overall scheme was universsally
valid. “While one may well question whether all the trends descritbed
are characteristic of all types of ecosystems,” he concluded, "there ccan
be little doubt that the net result of community actions is symbioosis,
nutrient conservation, stability, a decrease in entropy, and an increzase
m information."™

Strategy also had another meaning in Odum's paper. Nature mijght
not have goals, but humans do. Odum complained that the social zand
€conomic strategies pursued in industrialized societies were sheort-
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sighted and in conflict with natural ecological processes. A decade
earlier, he and his brother had contrasted the natural stability of the
coral reet at Eniwetok with the chaos produced by World War 11.* By
the end of the 1960s natural models for human society seemed even
more appropriate. The successional trends that he had identified with
stable, mature ecosystems also served as guides for rational agri-
cultural and industrial development. The strategy of ecosystem devel-
opment was also a _“:,:&.mzn strategy for human social development.

Comparing nature’s strategies with human strategies was a clever
literary device. Even without its set of concrete predictions about the
effects of succession, Odum’s paper would have been memorable as a
statement of environmental principles. But by the end of the 19605
many ecologists were becoming impatient with talk of evolutionary or
ecological strategies. It sounded perversely teleological, and it could
be seriously misleading. The migal volleys of this dispute had actually
occurred several years earlier at the 1959 meeting of the Ecological
Society of America. During a symposium on energy fow, Howard
Odum mtroduced his electrical creuit diagrams of ecosystems. In the
ecological case, Odum claimed that energy was driven by an “eco-
force” analogous to voltage in the electrical circuit. This, according to
Odum, necessitated a fundamental change in the way ecologists
thought about predator-prey relationships. “T'he validity of this appli-
cation [Ohm’s Law] may be recognized,” he asserted, “when one
breaks away from the habit of thinking that a fish or a bear caiches
food and thinks instead that accumulated food by its concentration
practically forces food through the consumers.™ This rather non-
biological interpretation of predation apparently struck many in the
audience as ludicrous. Odum, himself, later admitted that it had
alienated him from many ecologists.™

This early episode highlighted a serious intellectual problem in eco-
system ecology. Treating trophic levels as black boxes with energy
inputs and outputs had proved to be a powerful investigative tool, but
when pushed too far it could also mislead. Thermodynamically, there
might be nothing wrong with the idea of prey being forced down the
throats of predators, but biologically there certainly was. The living
world simply did not operate that way. Although less extreme, Eu-
gene Odum’s “Strategy of Ecosystem Development” suffered from
the same defect. The idea of strategy was obviously a metaphor, but it
seemed to suggest that ecosystems had goals and that the parts of the
system played functional roles toward achieving those goals. Not only
did this imply teleology, but it also ignored fundamental evolutionary
principles.” By the end of the 1960s most evolutionary biologists be-
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lieved that natural selection operated upon individuals, not upon col-
lections of individuals. Even metaphorically, ecosystems could not
-um.._..q..,.... .ﬁ—.ﬂ.-—ﬁnmmﬁ_.ﬁ.

The “Swrategy of Ecosystem Development” was frequently cited,
but it was also widely criticized™ It appeared during an important
time of transition in ecology. By the end ol the 1960s ecosystem ecol-
oy was a well-established m_umﬂm_E but it was facing increasing oppo-
sition from other groups of hwlogists, Contrary o Eugene Odum's
hope that all ecole yrists would rally around the ecosystem, the disci-
pline was becoming S.L_rn..m:ﬁ? divided. The sources of this conflict
are explored more fully in the next two chapters.




